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In this study, we have identified an internal ribosome entry site (IRES) from the highly infectious herpes-
virus Marek’s disease virus (MDYV). The IRES was mapped to the intercistronic region (ICR) of a bicistronic
mRNA that we cloned from the MDV-transformed CD4* T-cell line MSB-1. The transcript is a member of a
family of mRNAs expressed as immediate-early genes with two open reading frames (ORF). The first ORF
encodes a 14-kDa polypeptide with two N-terminal splice variants, whereas the second ORF is contained
entirely within a single exon and encodes a 12-kDa protein also known as RLORF9. We have shown that the
ICR that separates the two ORFs functions as an IRES that controls the translation of RLORF9 when
cap-dependent translation is inhibited. Deletion analysis revealed that there are two potential IRES elements
within the ICR. Reverse genetic experiments with the oncogenic strain of MDYV type 1 indicated that deletion
of IRES-controlled RLORF9 does not significantly affect viral replication or MDV-induced mortality.

Translation is a fundamental process for the expression of
genetic material. Translation initiation of capped eukaryotic
mRNA is postulated to involve scanning by the ribosome from
the 5" end to the initiator AUG codon (27). In contrast, studies on
the translation of uncapped RNAs from picornaviruses revealed
an alternative mode of 40S recruitment to the mRNA. This cap-
independent mechanism is directed by an RNA sequence within
the message known as an internal ribosome entry site (IRES) (24,
34). Subsequently, many IRESs were identified in both RNA and
DNA viral genomes (7, 13, 14, 16, 23, 38, 41, 43). To date, at least
85 cellular IRESs have been described (5), although the experi-
mental grounds on which proof of some of them rests have been
the subject of dispute (6, 28).

It appears that although many RNA and DNA viruses use
cap-dependent translation initiation, they have also evolved
IRES-mediated translation. So what are the benefits of having
two alternative mechanisms of translation initiation? There is
ample evidence to suggest that IRES elements have important
functions in the viral life cycle, mostly to ensure efficient viral
translation when components of the host translation machinery
are limited (37) due to virus-induced modification or host-in-
duced antiviral response, such as phosphorylation of eIF2 (17). It
must be remembered that viruses rarely create entirely unique
biochemical mechanisms. Instead, they mimic or capitalize on
existing cellular mechanisms. Thus, cellular and viral IRESs must
have evolved to provide a physiological advantage. Indeed, many
cellular IRESs have been shown to be active when cap-dependent
protein synthesis is greatly reduced (for a review, see references

* Corresponding author. Mailing address: Institute for Animal
Health, Division of Microbiology, Compton, Berkshire RG20 7NN,
United Kingdom. Phone: 44 1635 577356. Fax: 44 1635 577263.
E-mail for Abdessamad Tahiri-Alaoui: abdou.tahiri-alaoui@bbsrc
.ac.uk. E-mail for Venugopal Nair: venu.gopal@bbsrc.ac.uk.

+ Supplemental material for this article may be found at http://jvi
.asm.org/.

¥ Published ahead of print on 18 March 2009.

5846

20 and 25). IRES-mediated translation is therefore viewed as a
cellular backup plan for survival under various stress conditions. It
is even argued that initiation of translation in early eukaryotes was
IRES driven and cap independent and was then superseded by a
cap-dependent mechanism (18).

Marek’s disease (MD) is a commercially important, rapidly
progressive lymphomatous disease of chickens caused by the
highly infectious herpesvirus Marek’s disease virus (MDV-1).
MD is a valuable model for human lymphomas (11), including
Hodgkin’s and non-Hodgkin’s lymphomas (8). In this study, an
IRES element from MDV-1 was revealed. The IRES was
mapped to the intercistronic region (ICR) of a bicistronic viral
mRNA that we cloned from MSB-1, an MDV-transformed
CD4™ T-cell line (1). Interestingly, a similar cDONA was pre-
viously identified in MDV-1-infected primary cells and was
found to be a member of a family of RNAs expressed as
immediate-early genes with two open reading frames (ORF)
(21, 35). The first ORF encodes a 14-kDa polypeptide with two
N-terminal splice variants (21, 22), whereas the second ORF is
contained entirely within a single exon and encodes a 12-kDa
protein also known as RLORF9 (9, 31). Using bicistronic re-
porter assays, we show that the ICR functions as an IRES that
controls the translation of RLORF9, with no apparent pro-
moter activity or cryptic splicing. Deletion analysis revealed
two potential IRES elements within the ICR. Reverse genetic
experiments with the oncogenic strain of MDV-1 indicated
that the deletion of IRES-controlled RLORF9 did not signif-
icantly affect viral replication or MD-induced mortality.

MATERIALS AND METHODS

c¢DNA library from MSB-1 cells. Total RNA was extracted from the MDV-
transformed T-cell line MSB-1 by use of Trizol (Invitrogen). Poly(A)" mRNA
was purified using an LNA enhanced oligo-T20 capture probe (Exiqon). A
specific subset of poly(A)" mRNA was enriched according to a protocol that will
be described elsewhere (A. Tahiri-Alaoui et al., unpublished results). The re-
sulting mRNA was converted into cDNA and cloned into lambda ZAP-
CMV-XR vector following the protocol provided by the manufacturer (Strat-
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agene). Mass excision of an aliquot from the library was performed according to
the manufacturer’s instructions (Stratagene), followed by bacterial plating. In-
sert-positive clones were identified by PCR screening using T3 and T7 universal
primers. Selected clones were sequenced in both directions using T3 and T7
primers and dye terminator cycle sequencing with a quick start kit from Beckman
Coulter. The sequencing reaction mixtures were run on a CEQ8000 DNA se-
quencer (Beckman Coulter). The resulting sequences were subjected to a
BLAST search to determine the identity of the cloned poly(A)* RNAs.

Bicistronic vectors. In order to assess IRES activity, we constructed a bicis-
tronic vector that was based on the psiCHECK-2 vector (Promega). The psi-
CHECK-2 vector was digested with NotI and Apal to remove the herpes simplex
virus thymidine kinase promoter and the synthetic poly(A) RNA. This digestion
removed the first 10 amino acid residues from the firefly ORF. These were
restored by cloning two annealed oligonucleotides (oligo 1, 5'-GGCCGCGGA
CTAGTCATGGCCGATGCTAAGAACATTAAGAAGGGCC-3'; and oligo 2,
5'-GCGGACTAGTCATGGCCGATGCTAAGAACATTAAGAAG-3') and at
the same time allowed the addition of a Spel site upstream of the firefly ORF.
The resulting construct was named psiRF Vector. The ICR spanning the region
from nucleotides 131117 to 131566 or the selected deletions (genomic coordi-
nates of MDV-1 strain Md5 [GenBank accession number AF243438]) was PCR
amplified using the viral cDNA and cloned into a bicistronic psi RF vector
between Pmel and Spel sites. The resulting construct was called psiRF-ICR. The
simian virus 40 (SV40) promoter was removed from the psi-ICR construct by
double digestion with BglII and Nhel, blunt ended with T4 DNA, and religated.
The promoterless construct was named psiRF-ICR/pLess. All clones were veri-
fied and confirmed by sequencing. For fluorescence microscopy studies, the
pIRES2-AcGFP1 vector (Clontech) was modified to allow cloning of the ICR
from MDV-1. The encephalomyocarditis virus (EMCV) IRES sequence was
removed from pIRES2-AcGFP1 by restriction digestion with BstXI, blunt ended
with T4 DNA, and then digested with BamHI before ligation of the PCR-
amplified ICR with compatible ends. Red fluorescent protein (dsRed) was
cloned upstream of the EMCV IRES or MDV-1 ICR as an Xbal-EcoRI frag-
ment, and the resulting construct was designated pRG-ICR/EMCV or pRG-
ICR/MDV-1, respectively.

Transient expression assays. Primary chicken embryo fibroblast (CEF) cells
were prepared from 10-day-old, specific-pathogen-free embryos (obtained from
flocks maintained at the Institute for Animal Health, Compton, United King-
dom) and seeded the day before transfection at a density of 1.5 X 10° cells/well
in a 24-well plate. The DF-1 cell line, derived from line zero CEF (19), was
seeded as before, at a density of 0.5 X 10° cells/well. The human embryonic
kidney (HEK) 293T cell line (ATCC) was seeded at a density of 1 X 10° cells/well
the day before transfections. Transfection with bicistronic constructs for analysis
of IRES activity in DF-1 and 293T cells was carried out using Lipofectamine 2000
(Invitrogen). Transfection of CEF was performed using Lipofectamine (Invitro-
gen) following the manufacturer’s instructions. CEF and DF-1 cells were incu-
bated at 38.5°C and 5% CO,. HEK 293T cells were incubated at 37°C and 5%
CO,. Firefly and Renilla luciferase levels were measured at 24 h posttransfection,
using a Dual-Glo luciferase assay system (Promega) and an Anthos Lucyl mi-
croplate luminometer (Anthos Labtec Instruments, Austria).

RNA transfection of DF-1 cells was performed as described before (40). The
cells were incubated for 6 h after transfection, harvested, and assayed for lucif-
erase activity. Capped RNA used for transfection was produced by in vitro
transcription of linearized plasmid as described below, using a T7 mMessage
mMachine kit (Ambion). The RNA was also polyadenylated using a poly(A)
tailing kit from Ambion following the manufacturer’s protocol.

In vitro transcription and translation. The psiRF-Vector constructs were
linearized with BamHI. Capped transcripts were synthesized by using a T7
mMessage mMachine kit (Ambion), and uncapped transcripts were synthesized
by using Megascript T7 (Ambion), both according to the manufacturer’s instruc-
tions. These transcripts were translated using Retic Lysat IVT (Ambion) accord-
ing to the manufacturer’s instructions. We used a ratio of 2:3 (low-salt to high-
salt mix) to obtain a 100 mM potassium acetate concentration in the translation
mixes. Assays supplemented with m’GpppG were carried out as previously
described (2). Firefly and Renilla luciferase activities were measured from in vitro
translation reaction mixes by using the Dual-Glo luciferase assay system (Pro-
mega) according to the manufacturer’s instructions. Polypeptides from [*°S]
methionine-labeled translations were analyzed by using 4 to 15% NuPAGE
Novex Bis-Tris gels (Invitrogen) followed by autoradiography.

shRNA. Small interfering RNA (siRNA) sequences were predicted using a
target-specific sSiRNA online design site (http:/genomics.jp/sidirect). The siRNA
sequence (5'-GTCGCTGTTTGCACATTATCA-3') targeted the ICR within the
MDV-1 genome at nucleotides 131150 to 131170 (GenBank accession no.
AF243438). As a negative control, we used a siRNA that was designed against
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the EMCV IRES (5'-GTAACATGGCGTAGTAGAAAC-3"). All siRNAs were
cloned as short hairpin RNAs (shRNAs) by a previously described method (29).
All constructs were verified by sequencing.

Viral bacterial artificial chrc (BAC) mutag We used recom-
bination-mediated genetic engineering (30, 42) to examine the requirement
of the viral protein RLORF9 (sequence from nucleotides 131569 to 131890
[GenBank accession no. AF243438]) for in vitro replication and tumorigen-
esis of pRB-1B5 (36). This allowed us to generate a series of RLORF9
deletion mutants of infectious pRB-1B5. Briefly, to knock down the first copy
of RLORFY, a kanamycin resistance gene (Kan") cassette flanked by fit sites
was amplified from the plasmid pKD13 (32), using the forward primer 5'-A
GATGTTGTAGGGTTCGAGAGGGGTGAGACCTAAACATGCAGTCGCATG
CCGTGTAGGCTGGAGCTGCTTC-3" and the reverse primer 5'-CCGGTC
ATACATTCTATGTAAACAAGGAAGTTATCCCCTTTGCTTCCGTACATTC
CGGGGATCCGTCGAC-3"). The underlined sequences are complementary
to pKD13, whereas the nucleotides in bold are complementary to regions im-
mediately flanking the RLORF9 exon. Agarose gel-purified PCR products were
electroporated into Escherichia coli EL250 cells (kindly provided by N. Cope-
land, NCI, Frederick, MD), and recombinant chloramphenicol- and kanamycin-
resistant colonies were selected. The Kan" cassette was subsequently excised by
the induction of FLPe recombinase, using 0.2% arabinose. This resulted in a
single-copy RLORF9 deletion in pRB-1B5, which was designated pRB-1B5-
SCARLORF9. To knock out the second copy of RLORF9, we used the same
strategy as that described above, but using a different reverse primer (5'-TTAT
CGATAATCGGCTCCGATCCCGATTCCGCGGACCAAGCATTGGCTGCCAT
TCCGGGGATCCGTCGAC-3"). The nucleotides in bold are complementary to
a region within the RLORF9 exon (nucleotides 131844 to 131893 [GenBank
accession no. AF243438]), and the underlined sequence is complementary to
pKD13. The double-copy RLORFY deletion of pRB-1B5 was designated pRB-
1B5-ARLORF9. To make a single-copy RLORF9 revertant, we used the same
strategy to put a single copy of the RLORF9 gene back into pRB-1BS5-
ARLORF9. First, we amplified a genomic fragment from pRB-1BS5, using the
forward primer 5'-CGCGGGGACGAGCAAAGCGTGCGGTGCGGGCA
G-3' and the reverse primer 5'-AGGGCATAGCGCCCGGCTCTGGCTCCTG
AGAC-3'. This amplified a genomic region spanning nucleotides 127808 to
134901 (GenBank accession no. AF243438). The resulting PCR product was
cloned into the pGEMT vector, resulting in pGEM-RLORF9. Second, a spec-
tinomycin resistance (Spec”) gene cassette flanked by fit sites was amplified from
plasmid pL451 (32), using the forward primer 5'-ATCGATAAGCTTGATATC
GAATTCCGAAGTTCC-3" and the reverse primer 5'-TATTATGTACCTGA
CTGATGAAGTTCCTATAC-3', and the resulting product was cloned into
Xbal-digested pPGEM-RLORF9. This resulted in the vector pPGEM-RLORF9-
Spec. This was used as a template to amplify the cassette that contained the
RLORFY gene and the Spec” marker with the forward primer 5-CGCGGGGAC
GAGCAAAGCGTGCGGTGCGGGCAG-3' and the reverse primer 5'-TATTAT
GTACCTGACTGATGAAGTTCCTATAC-3'. Finally, the resulting PCR product
was gel purified and electroporated into competent pRB-1B5-ARLORFY, and se-
lection was carried out as described before to yield the single-copy RLORF9 rever-
tant, designated pRB-1B5-SCrevRLORF9.

Growth curve and virus assay. Each virus (pRB-1B5 wild type, pRB-1B5-
ARLORF9 double-copy deletion, pRB-1B5-SCARLORF?Y single-copy deletion,
and pRB-1B5-SCrevRLORF?Y single-copy revertant) was plated on CEF to study
its in vitro growth characteristics. Briefly, 100 PFU was inoculated onto freshly
seeded CEF (2 X 10° cells) in 60-mm-diameter dishes. After 0, 24, 48, 72, 96, and
120 h, the infected cultures were trypsinized, diluted, and seeded onto fresh CEF
in triplicate. MDV plaques were counted after visualization by immunohisto-
chemistry, using an MDV-specific monoclonal antibody directed against glyco-
protein B (HB3) and a horseradish peroxidase-conjugated secondary antibody,
followed by colorimetric detection.

Challenge experiment with mutagenized and control pRB-1B5. We used 36-
day-old, specific-pathogen-free P-line (B'*/B'?) chickens. For each group, 12
birds were infected via the intraperitoneal route with 1,000 PFU of the pRB-1B5
wild type, pRB-1B5-ARLORF9 double-copy deletion, or pRB-1B5-SCrevR-
LOREF9Y single-copy revertant. At 0, 4, 7, 14, 21, 28, and 35 days postinfection, 150
pl peripheral blood was taken from the wing vein into 3% sodium citrate.
Peripheral blood lymphocytes (PBLs) were prepared by centrifugation over
Histopaque as previously described (3). All experiments and sampling proce-
dures were carried out according to the United Kingdom Home Office guide-
lines, including the culling of birds showing symptoms of MD.

DNA preparation and qPCR. DNA from PBLs was prepared using a Qiagen
DNeasy 96 blood and tissue kit following the manufacturer’s instructions. Absolute
quantitation of MDV-1 genomes was performed using quantitative real-time duplex
PCR (qPCR), using an ABI7500 instrument, essentially as previously described (3,
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FIG. 1. Genomic structure of MDYV and positions of ORFs on the
bicistronic transcript from the rightward transcriptional unit within the
BamHI-H region. (A) Schematic representation of MDV genomic
structure, consisting of unique long (UL) and unique short (US) re-
gions, each bounded by a set of inverted repeats (TRL, IRL, IRS, and
TRS). Intron (Int) and exon (Ex) sequences are shown, as well as the
ICR between exon 1b and exon 2. (B) Schematic representation of
the bicistronic transcript that we and others (21) cloned as cDNA.
All genomic coordinates are according to the MDV-1 MdS5 strain
(GenBank accession number AF243438).

4). Sequences of primers and probes for the reference gene (chicken ovotransferrin
gene) and the MDV-1 meq gene have been reported (3). For each assay run,
standard curves were prepared using 10-fold serial dilutions of DNAs from MDV-
1-infected cells (for MDV-1 meq reaction) and noninfected cells (for ovotransferrin
gene reaction), which had been calibrated accurately against plasmid constructs of
known target gene copy number. Viral genomes were quantified per 10* PBLs.

RESULTS AND DISCUSSION

Identification of a bicistronic transcript incorporating p14
lytic protein and RLORFY9. We have identified a viral tran-
script from MSB-1, an MDV-transformed CD4" T-cell line
derived from a spleen lymphoma (1) (Fig. 1). The cDNA was
the product of an immediate-early gene and belonged to a
family of transcripts known as 1.8-kb RNA (26). Previous stud-
ies showed that it resulted from alternative splicing and that it
was expressed in chicken cells lytically infected with oncogenic
and attenuated strains of MDV-1 (21, 26, 35). Analysis of the
cDNA revealed that it was bicistronic. The transcript that we
identified corresponded to the full-length cDNA (GenBank
accession no. 1L.26394) previously reported by Hong and Cous-
sens (21). The availability of the complete genomic sequences
of the attenuated (GenBank accession no. DQ530348) and
oncogenic (GenBank accession no. AF243438) strains of
MDV-1 allowed us to precisely map the boundaries of exons
within the viral genome (Fig. 1A). The first ORF encoded a
protein with a predicted molecular mass of 10.2 kDa, but when
the protein was detected by Western blotting (21, 22), it had
the apparent mass of the 14-kDa protein (p14). The p14 pro-
tein existed as two N-terminal splice variants, whereas the
second ORF was contained entirely within a single exon and
encoded a 12-kDa protein (RLORFY) (Fig. 1B). Protein prod-
ucts from both ORFs were also identified in the proteomes of
MDV-transformed cell lines (9, 21, 31).

The ICR between the p14 lytic protein and RLORF9 coding
regions has IRES activity. We have made the observation that
the ICR of the naturally occurring bicistronic transcript has
sequence and predicted structural features reminiscent of an
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FIG. 2. The ICR from the MDV-1 bicistronic transcript has IRES
activity in a dual-luciferase reporter assay. (A) Bicistronic luciferase
constructs used for transfection. The sequence (ICR) to be tested for
IRES activity was inserted between the Renilla (R-Luc) and firefly
(F-Luc) luciferase genes in the MCS spacer. In the psiRF-ICR/pLess
construct, the SV40 promoter was removed. (B) Results of luciferase
assay using DNA transfection of DF-1 and HEK 293T cells. The F:R
ratio for each DNA construct was normalized to that obtained with the
psiRF vector containing the MCS spacer as a negative control, whose
F:R was set to 1. (C) Same as panel B, but the transfection was done
with RNAs produced by in vitro transcription. (D) shRNA knockdown
of the ICR. The data are results of cotransfection experiments with
DF-1 cells. The firefly and Renilla luciferase activities were determined
and expressed as percentages of the activity with control nonsilencing
shRNA (pChU6/NS-shRNA). pChU6/sh refers to the plasmid encod-
ing the siRNA that targets the ICR from nucleotides 131150 to 131170
(GenBank accession number AF243438).

IRES, such as predicted multiple stem-loop structures, multi-
ple AUG codons, and a pyrimidine-rich tract (39). Indeed,
using a genetic algorithm to predict the secondary structure
(15) of various fragments from the ICR, we found several
stable stem-loops that seemed to fold independently (data not
shown). To test the ICR for IRES activity, we used the psiRF
vector (Fig. 2A). This plasmid encodes a bicistronic mRNA
with the Renilla luciferase gene as the first cistron, followed by
a 60-nucleotide multicloning site (MCS) and the gene for the
firefly (Photinus) luciferase as the second cistron. In this con-
figuration, the transcription of both cistrons in the psiRF vec-
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tor is driven by the SV40 promoter. The translation of the first
cistron (R-Luc) is cap dependent, whereas translation of the
second cistron (F-Luc) would require the presence of an IRES.
We used the MCS spacer as a negative control. A PCR frag-
ment from the ICR spanning the region from nucleotides
131117 to 131566 (genomic coordinates of MDV-1 strain MdS
[GenBank accession number AF243438]) was cloned into the
MCS of the psiRF vector. It was essential to show that the ICR
from MDV-1 has no inherent promoter activity that would
result in transcription initiation at this internal site, resulting in
a transcript containing only the second cistron (28). This would
produce the F-Luc protein, resulting in false prediction of an
IRES. The constructs shown in Fig. 2A were used to transfect
avian and mammalian cells. After 24 h, the cells were har-
vested and assayed for luciferase activity. The ratio of the
firefly luciferase activity to Renilla luciferase activity (F:R ra-
tio) was calculated following a luciferase assay of the cell ly-
sate. The ratio obtained for the negative control was set to 1,
and the ratios from the other constructs were normalized to
that value. The results show clearly that there was an approx-
imately 30-fold increase in the F:R ratio for the psiRF-ICR
construct compared with that for the negative control (Fig.
2B). A <10-fold increase in the F:R ratio was observed with
the construct lacking the SV40 promoter, which may indicate
the presence of very weak cryptic promoter activity within the
MDV-1 ICR, spanning the region from nucleotides 131117 to
131566 (Fig. 2B), but there is the possibility that the weak
cryptic promoter activity may originate from the backbone
vector. To more conclusively demonstrate IRES activity within
the ICR, we transfected DF-1 cells directly with RNA that was
in vitro transcribed from DNA constructs. This approach
should reveal IRES activity exhibited by mRNA without sub-
jecting it to nuclear processing. Indeed, the F:R ratio was
>20-fold higher than that for the control mRNA which lacked
the MDV-1 ICR (Fig. 2C). These results indicate that even
though there may be a weak cryptic promoter activity within
the ICR, this does not preclude its ability to internally initiate
translation. Similar observations have been made for other
IRES sequences (10, 40). We also wanted to rule out other
mechanisms inherent to the use of bicistronic vectors and that
could generate monocistronic mRNA and therefore lead to
false prediction of IRES activity. Such a mechanism could be
due to splicing events. Accordingly, we designed shRNA that
targets the MDV-1 ICR. We reasoned that equivalent knock-
downs of both Renilla and firefly luciferase activities would
happen only if the two cistrons are on the same bicistronic
mRNA. We cotransfected DF-1 cells with a vector encoding
MDV-1 ICR shRNA and with the bicistronic construct psiRF-
ICR. As expected for an authentic bicistronic mRNA, the
luciferase assay revealed equivalent knockdowns of about 80%
for both Renilla and firefly luciferases (Fig. 2D). Additional
experiments, including reverse transcription-PCR with primers
corresponding to the 5" end of the mRNA and to the coding
region of the firefly luciferase gene, were performed and con-
firmed the presence of the full-length bicistronic transcripts,
therefore ruling out the possibility of cryptic splicing (see Fig.
S1 in the supplemental material). We also used a different
bicistronic construct to demonstrate the IRES activity of the
MDV-1 ICR. The construct was based on the pIRES2AcGFP
backbone. The presence of two fluorescent proteins, green
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FIG. 3. The ICR in the MDV-1 bicistronic transcript has IRES
activity by fluorescence microscopy. (A) List of bicistronic constructs
used for transfection of DF-1 cells. The constructs are based on the
pIRES2-AcGFP vector. The sequence to be tested for IRES activity
(ICR) was cloned between the RFP and GFP genes. The EMCV IRES
was used as a positive control. (B) Results of transfection with the
pRG-ICR/MDV DNA construct (left) and the pRG-IRES/EMCV
DNA construct (right). Live cells were examined under a fluorescence
microscope with the appropriate filters to reveal fluorescent cells or
under a bright field (BF) to visualize all cells.

fluorescent protein (GFP) and red fluorescent protein (RFP),
allowed us to use live-cell imaging and fluorescence micros-
copy to visualize translational activity. In this construct config-
uration, the GFP was controlled by either the EMCV IRES or
the IRES from the MDV-1 ICR, whereas the RFP was under
the control of cap-dependent translation (Fig. 3A). In both
constructs, the transcription of the bicistronic mRNA was
driven by a cytomegalovirus promoter. Transfection of DF-1
cells revealed that all cells that were positive for GFP were also
positive for RFP (Fig. 3B). The ensemble of these results
strongly indicated that the ICR from the MDV-1 immediate-
early transcript has intrinsic IRES activity.

To further demonstrate that the ICR from MDV-1 has the
ability to initiate cap-independent translation, in vitro-tran-
scribed RNAs from the bicistronic constructs (Fig. 4A) were
translated in rabbit reticulocyte lysate. In this study, we com-
pared the efficiencies of translation of capped versus uncapped
RNA transcripts with the ICR and used the EMCV IRES as a
positive control and the multicloning spacer as a negative con-
trol. The [>*S]methionine-labeled proteins resulting from in
vitro translation were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and revealed by autora-
diography (Fig. 4B). The results showed efficient translation of
the Renilla luciferase cistron compared with the firefly lucifer-
ase cistron in all three capped transcripts. There was virtually
no detection of the firefly luciferase cistron from the psiRF
vector, which further demonstrated the requirement of an
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FIG. 4. The ICR IRES from the MDV-1 bicistronic transcript is capable of initiating translation when cap-dependent translation is inhibited.
(A) List of DNA constructs used as templates to generate capped and uncapped RNA transcripts in vitro. (B) RNA transcripts were used for in
vitro translation using rabbit reticulocyte lysate, and the resulting [**S]methionine-labeled proteins were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and revealed by autoradiography. The positions of the firefly (F-Luc) and Renilla (R-Luc) proteins are indicated
by arrows relative to the positions of the molecular size marker, obtained from the mRNA reference provide with a Retic-Lysat kit from Ambion.
(C) Capped bicistronic RNA from the psiRF-ICR/MDV construct was translated in vitro in the presence of increasing amounts of free cap
analogue. Firefly and Renilla luciferase activities were determined and expressed as percentages of the control reaction in the absence of cap

analogue, whose value was set to 100%.

IRES for efficient translation of the second cistron. However,
when uncapped transcripts were used for in vitro translation,
the Renilla luciferase cistron was only weakly translated. In
contrast, the firefly luciferase cistron, which was controlled by
the ICR IRES from MDV-1 or the EMCV IRES, was still
efficiently translated. It was also clear from these results that
the EMCV IRES had strong activity compared with the ICR
IRES from MDV-1. These results indicated that the ICR IRES
had the ability to internally initiate translation in a cap-inde-
pendent manner. To examine in more detail the competitive
interaction between the cap-dependent and ICR IRES-driven
translation, we carried out in vitro translation of the capped
bicistronic ICR transcript in the presence of increasing con-
centrations of the free m’GpppG cap analogue. The rationale
behind this was that the free m’GpppG cap analogue would
bind to the cap-binding pocket of the eIF4E component of
eIF4F (2). This binding would sequester eIF4E and prevent
the competitive influence of translation of capped transcripts,
which should result in redirection of all translational resources
to the IRES. Indeed, as predicted, increasing the concentration
of the free cap analogue in the translation reaction mix re-
sulted in an increase in the activity of the ICR IRES and a
concomitant decrease in the amount of cap-dependent trans-
lation (Fig. 4C). These results suggest that under conditions
where cap-dependent translation might be inhibited due to virus-
induced stress, the ICR IRES could provide a selective advantage
for efficient translation of a subset of viral genes (37, 43).

Deletion mapping suggests the presence of two IRES ele-
ments within the ICR. We next used deletion analysis of the
region spanning nucleotides 131117 to 131566 to better define
the boundaries of the ICR IRES. These experiments were
done using the bicistronic psiRF vector (Fig. 5). Deletion and
extended fragments were generated by PCR, using MDV-1-
specific primers that flanked the region of interest. The IRES

A
psiRF-ICR [P R-Luc_|

ICR | F-Luc |
B 3 5 & 898 IRES ACTIVITY
& 8 B 38 5 % of ICR1
o ——— ICRA1 100
ICR-2 150 + 17
pSREICR| | | | =i IcRO 45+ 5
|—i ICR-4 16+ 5
f _c ICR-5 571 + 57
i \_|—l ICR-6 361 + 33
\ I—' ICR-7 550 + 45

FIG. 5. Deletion analysis revealed the existence of two potential
IRESs within the ICR of the MDV-1 bicistronic transcript. (A) Bicis-
tronic construct used to clone different fragments from the ICR.
(B) Activities of all ICR fragments that were analyzed. The activities
are shown as percentages of the full-length ICR1 activity.
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activity of each insert is shown relative to the activity of the
ICR IRES spanning the region from nucleotides 131117 to
131566, which was set at 100% (Fig. 5B). The 3’-end and
5’-end deletions were chosen based on the predicted secondary
structure obtained with the genetic algorithm from the STAR
program (15). Particularly, we noticed that the 3’ end of the
ICR IRES (nucleotides 131361 to 131566), corresponding to
ICR3, adopted an independent fold as a Y-shaped structure in
isolation as well as within the full-length ICR (data not shown).
The Y-shaped structure was consistently predicted using either
of two independent RNA folding programs (15, 33). When
ICR3 was tested for IRES activity, it was found to have about
45% of the activity of the full-length element. Interestingly,
extending the 5’ end of ICR3, giving ICR4, caused a dramatic
reduction in IRES activity, to the background level. Further-
more, there was a 50% increase in IRES activity when the 5’
end of ICR1 was extended to give ICR2, which included part
of exon 1b (Fig. 1A). This suggested that part of the IRES
activity was contributed from the first ORF. Surprisingly, the
highest IRES activity was found with ICRS, which was the
result of deleting ICR3 from ICR1 and extending the 5’ end of
ICRI1. The resulting ICR5 had IRES activity that was fivefold
higher than that of ICR1. Extending the 3’ end of ICRS, which
gave ICRO, resulted in a decrease of the IRES activity. Strik-
ingly, when the domain containing ICR3 was removed from
ICR2 to give ICR7, the IRES activity was restored to the level
for ICR6. The results of the deletion analysis seemed to indi-
cate that the ICR has a modular composition. It suggested the
existence of at least two functional IRESs within the ICR.
Whether these modular IRESs are all functional in cells re-
main to be determined. However, this observation is not
unique for MDV-1 intercistronic IRESs. Other cellular and
viral IRESs were reported to have multiple functional modules
(for example, see references 40 and 43). We speculate that the
presence of modular IRESs may play an important role in the
translational control of RLORF9. This can be achieved
through the existence of a dynamic equilibrium such that there
is only one functional structure at any one time. Alternatively,
regulation of the functional IRES module might be achieved
by the presence of IRES trans-activating factors of viral or
cellular origin. We have preliminary data showing that the
activity of the ICR IRES is modulated by small noncoding
RNAs of viral origin (unpublished data).

The protein encoded by RLORF9 and controlled by IRES
does not appear to be essential for tumor formation in MDV-
infected chickens. Nothing is known about the physiological
function of the MDV-1 p12 protein encoded by RLORF9. The
protein is highly conserved between different strains of MDV-1
and is expressed in both oncogenic and attenuated strains of
the virus (8, 21). We have shown in the present study that the
translation of RLORF9 is cap independent and IRES medi-
ated. In order to gain insights into the physiological function of
this viral protein, we took advantage of the availability of an
infectious BAC clone of the highly oncogenic RB-1B strain
(36) and used recombination-mediated genetic engineering
(30, 42) to delete the IRES-controlled RLORF9. Various mo-
lecular tests were performed to assess the authenticity of the
mutant and revertant viruses (see Fig. S2 and S3 in the sup-
plemental material). We started by evaluating the ability of
recombinant viruses to replicate and grow in CEF (Fig. 6A).
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FIG. 6. Challenge experiment revealing that the ICR IRES-con-
trolled RLORFY is not essential for viral replication or tumor forma-
tion. (A) Growth curves for wild-type pRB-1B5, the double-copy de-
letion mutant pRB-1B5-ARLORFY, the single-copy deletion mutant
pRB-1B5-SCARLORFY, and the single-copy revertant pRB-1BS5-
SCrevRLORFO. Fresh CEF were infected with the indicated viruses.
After 0, 24, 48, 72, 96, and 120 h, the infected cultures were trypsinized
and plated on fresh CEF in triplicate. MDV-1 plaques were counted
after visualization by immunohistochemistry. Each point represents
the average for two plates. (B) Time course analysis of MDV-1 ge-
nome copy number in the blood of chickens infected with wild-type
pRB-1BS5, the double-copy deletion mutant pRB-1B5-ARLORF9, and
the single-copy revertant pRB-1B5-SCrevRLORF9. The viral genome
copy number was determined by qPCR, using DNAs extracted from
PBLs and primers specific to the MDV-1 genome. (C) Survival curves
for chickens inoculated with the indicated recombinant viruses. A log
rank (Mantel-Cox) test revealed no statistical difference between pRB-
1B5 and pRB-1B5-ARLORF9 (P = 0.4627) or between pRB-1B5 and
pRB-1B5-SCrevRLORF9 (P = 0.2419).
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Deletion of both copies of RLORF9 seemed to allow the virus
to replicate and grow more rapidly in these cells (Fig. 6A). This
apparent beneficial effect was more visible at the early stages of
viral replication. There was no measurable difference in growth
properties between wild-type pRB-1BS, the single-copy dele-
tion mutant pRB-1B5-SCARLORFY, and the single-copy re-
vertant pRB-1B5-SCrevRLORF9. These results indicate that
RLOREFY is not essential for the in vitro growth of the virus. In
fact, it appeared that the virus replicated slightly better in the
absence of RLORFY. We then assessed the ability of the pRB-
1B5 recombinants to replicate and induce disease in chickens.
In the bird challenge experiment, we excluded the single-copy
deletion mutant pRB-1B5-SCARLORFY, as this showed sim-
ilar in vitro growth properties to the single-copy revertant
pRB-1B5-SCrevRLORF9. We used qPCR on PBL DNA to
estimate the viral copy number (3) and found that all three
recombinants of MDV-1 replicated in the blood with compa-
rable kinetics (Fig. 6B). These results indicated that the pro-
tein encoded by RLORFY9 was not directly involved in viral
replication. Postmortem analysis of inoculated chickens either
at the time of showing symptoms of persistent neurological
disease (12) or at the end of the trial revealed typical MD
pathology, such as the presence of tumors in the spleen, kid-
ney, and gonad. Overall, there was no significant difference in
the tumor incidence between all three MDYV recombinants
(see Fig. S4 in the supplemental material), indicating that the
RLOREF?Y protein was not directly involved in MDYV pathogen-
esis, including tumor formation.

In conclusion, we have identified an intercistronic IRES
within a transcript that is known to be the product of an
immediate-early gene from MDV. This is the first report of an
IRES in MDYV, which is a major avian oncogenic herpesvirus.
We showed that the ICR IRES was active under conditions
that inhibited cap-dependent translation. Furthermore,
through deletion analysis, we revealed that the ICR IRES was
modular, in that it seemed to harbor at least two functional
domains. The presence of modular IRESs may play an impor-
tant role in the translational control of RLORF9, as indicated
by the competitive nature of the functional domains within the
ICR. However, the physiological relevance of these functional
domains remains to be determined. The IRES activity of the
full-length ICR seemed to be moderate in comparison with
that of the prototypical EMCV IRES. The moderate activity of
the ICR IRES may reflect the need for limited expression of
the protein encoded by RLORF9 and/or to keep it under tight
control. Indeed, our preliminary data showed that constitutive
expression of RLORF9 under the control of a strong cytomeg-
alovirus promoter induced cell death. Nothing is known about
the physiological role of RLORF9 in MDYV pathogenesis. Our
data from reverse genetic analysis showed that RLORF9 was
not directly involved in viral replication and tumor formation.
It would be interesting to evaluate the effect of overexpression
of the protein encoded by RLORF9 on viral replication and
MDYV pathogenesis.
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